Introduction
Surgery is the treatment of choice for early stage non-small cell lung cancer (NSCLC). Surgical resection of stage IA and IB NSCLC results in a 5-year survival rate of ~60-70% (1) . However, it is often difficult to recommend surgery to some patients because of accompanying medical illness such as severe chronic obstructive pulmonary disease with very limited lung reserve. Actually, the number of lung cancer patients with comorbid conditions appears to be on the increase due to an increasing number of elderly patients at the time of diagnosis. Moreover, there are patients who refuse to undergo surgery due to emotional or religious reasons. For such patients, conventional radiotherapy with a dose of 50-80 Gy has been used with 2-and 5-year survival rates of 39 and 13%, respectively (2) . Recent studies have suggested that precisely targeted radiosurgery with a higher dose may be a reasonable alternative to overcome limitations of conventional radiotherapy such as damage to normal tissues or high local failure (2-7). The CyberKnife (image-guided robotic stereotactic radiosurgery, IGR-SRS) system is a newly developed technology to deliver radiation from multiple angles with a real-time target tracking system. The accuracy of target localization and dose delivery can be achieved through combining real-time, periodic X-ray imaging of implanted metallic markers (called fiducials) within the tumor. The accuracy of the tracking system is within 1.5 mm of the planning treatment volume (PTV) margins and allows the tumor to be destroyed precisely (8, 9) . Although this system is increasingly being used, there have been a few reports from a very limited number of centers about the results of CyberKnife treatment for early lung cancer (8) (9) (10) . We evaluated the clinical characteristics and outcomes of patients with stage I NSCLC who underwent radiosurgery using the CyberKnife at a cancer center in Korea.
Materials and methods
A retrospective analysis of eight patients with stage I NSCLC who were treated with curative intent with the CyberKnife ® system between 2002 and 2007 at a tertiary referral center for cancer in Korea was performed. An oncologist, radiologist, pulmonologist and a thoracic surgeon evaluated each patient. Primary pulmonary tumors were irradiated with total doses of 36-54 Gy, delivered in three fractions for three days. The prescribing PTV was intended to enclose 100% of the gross tumor volume (GTV). The PTV was outlined with 6-8 mm beyond the GTV to cover microscopic infiltration and uncertainties caused by respiratory motion. The prescribed dose was typically up to the 78 to 83% isodose line and the heterogeneous higher dose was delivered to the center of the tumor (Fig. 1) . However, the total dose was determined by consideration of the tumor size, location, and proximity to vital structures such as the heart, great vessels, major bronchi, spinal cord, esophagus, brachial plexus and diaphragm. The presence of comorbid disease and any recommendations of the radiation oncologist were considered of importance. The institutional review board of our hospital reviewed and approved the current study. The signed informed consents were obtained from patients on follow-up.
Results
All patients (seven men and one woman), with ages ranging from 68 to 80 years, were diagnosed with stage I NSCLC.
Tumor size ranged from 19 to 50 mm in the maximal diameter (12 to 113 ml in volume). Since the treatment has evolved over several years, the administered dose varied from 36 to 54 Gy, with a tendency to increase with the passage of time. Three patients were ineligible for surgery due to poor lung function (forced expiratory volume in one second, FEV1, was 1.11, 1.37 and 0.7 L) while four patients refused surgical treatment. All of the patients tolerated the treatment very well without any significant side effects. Some patients just felt mild malaise. Mild, asymptomatic radiation pneumonitis developed in one patient; however, it resolved without any specific treatment. There were no complaints of worsening dyspnea after CyberKnife treatment. No pneumothorax occurred after fiducial placement.
Complete response was achieved and was sustained for almost two years in one patient (Fig. 2) . Seven patients showed radiographic partial response at 1-3 months. Followup ranged from 5 to 49 months. Re-growth of tumor at the treated site was observed in only one patient that demonstrated excellent local control rate although systemic spread or a regional lymph node metastasis occurred in five patients during follow-up. Two patients died of a cerebrovascular accident without any relation to the malignancy or treatment. Sepsis developed during chemotherapy, leading to death in one patient with a recurred tumor in the bone. One patient succumbed to cancer progression. Data summarizing the demographic characteristics, clinical manifestations, treatment and follow-up information are listed in Table I .
Discussion
To avoid significant morbidity and mortality in patients with early lung cancer with serious other medical problems, Table I . Characteristics of patients with CyberKnife treatment.
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No, Number; GTV, gross tumor volume; Fr, fraction; BED, biological equivalent dose; F/U, follow-up; L/F, local failure; S/F, systemic failure; Gy, Gray; Mo, month; PFI, progression free interval; LLL, left lower lung; RUL, right upper lung; RLL, right lower lobe; LUL, left upper lobe; SQ, squamous cell carcinoma; AD, adenocarcinoma; PFT, pulmonary function test; Op, operation; PR, partial response; CR, complete response; Ca, cancer; CVA, cerebrovacular accident; Med, mediastinal; LN, lymph node; SCLN, supraclavicular lymph node.
radiotherapy is considered the modality of choice (11) (12) (13) . However, conventional radiotherapy can cause damage to the lung and adjacent structures producing unwanted adverse effects such as radiation pneumonitis or esophagitis that sometimes lead to a worse performance of patients (2-7). In addition, the local failure rate is higher than that of surgical resection, in part because of limited doses and fractionation of the administered radiation to circumvent side effects. Fractionation might allow repopulation of tumor cells during rest time limiting the efficacy of radiotherapy (14) . Stereotactic radiotherapy, which was designed to deliver a higher dose to the tumor mass in small fractions without collateral injury, has been an attractive alternative modality to address these issues. However, a limitation still exists due to difficulties for targeting tumors that move with respiration (2-7). The CyberKnife was developed to target the moving tumor with respiration more precisely with the use of a real-time target tracking system. Whyte et al first reported the results of CyberKnife treatment for lung cancer (15) . However, the local control rate was not good, possibly because the investigators used a lower dose of <30-34 Gy in a single fraction due to little experience with the use of CyberKnife treatment of lung cancer at an early stage. Similarly, we started with total dose of 36 Gy at our CyberKnife center and found we could increase the treatment dose to 54 Gy in 2007 after confirming the safety of the method. We are now planning further dose escalation. Although the appropriate dose for the CyberKnife treatment for early stage NSCLC does not seem to be established as yet, Brown et al showed that a total dose up to 60 Gy was safe (10) . Until now, there has been no report describing serious side effects after CyberKnife treatment of the lung.
Brown et al demonstrated the excellent efficacy of CyberKnife treatment with a complete response in nine of 19 patients (10) . We also demonstrated a good local control rate as there was only one progression at the treatment site, even though a majority of responses was partial, which might be caused by the lower dose we utilized. Relapse outside the radiation site including the regional lymph nodes was higher than expected in our study, which we were unable to explain. A definite conclusion cannot be determined at this time due to the small number of enrolled patients and the short duration of follow-up.
The recurrence or persistence of disease may be related to microinvasion beyond the PTV or inappropriate PTV definition. Although it was difficult to identify a proper study defining the PTV margin set up beyond the GTV, Giraud et al reported that malignant cells were found at 6-8 mm beyond the GTV in ~95% of cases (16) . Brown et al used a margin of 8-10 mm beyond the GTV for early stage NSCLC and 3-5 mm beyond the GTV for metastatic lesions (9) . In the present study, a margin of 6-8 mm outside the GTV with CyberKnife treatment for lung cancer was used.
Our results showed that CyberKnife treatment is very safe and is feasible to achieve a high local control rate, suggesting its role as a reasonable alternative therapeutic modality in early lung cancer.
